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     This study was carried out in support of the possibility of a nuclear fusion neutron source based on the plasma 
trap with a stellarator-mirror hybrid magnetic system to control the subcritical, fast nuclear reactor. The experiments 
were performed in Uragan-2M device, the torsatron with additional toroidal magnetic field, to measure the magnetic 
surfaces when the stellarator-mirror magnetic system is created by switching off a single toroidal magnetic field 
coil. The experiments confirmed the existence of closed magnetic surfaces in such a combined system. 
     PACS: 52.55.Hc; 52.55.Jd; 52.70.Ds; 28.52.-s; 28.50.-k; 25.85.Ec 
INTRODUCTION 
     In paper [1] a magnetic plasma trap based on a 
combination of magnetic systems of stellarator and 
conventional mirror was proposed as a fusion neutron 
source for hybrid subcritical nuclear reactor on fast 
neutrons. In this connection, there was the question 
about impact character and degree of the deep single 
toroidal localized corrugation (mirror) in the closed 
magnetic surfaces structure of the toroidal stellarator 
which is complicated and very sensitive to all kinds of 
magnetic disturbances. The possible existence of closed 
magnetic surfaces in an idealized model of a magnetic 
system 2-pole torsatron with an additional toroidal 
magnetic field and the magnetic mirror trap system, 
created by an additional single-coil with a current, was 
shown by numerical calculations in paper [2]. The basic 
geometry characteristics of the computational torsatron 
model coincided with the characteristics of the 2 – pole 
torsatron Uragan-2M magnetic system [3]. In the model, 
each helical winding was modeled with two split 
filamentary conductors. A single coil was located in the 
poloidal cross section of the torus, where the elliptical 
type magnetic surfaces are vertical. There were 
investigated the magnetic surfaces of configurations 
with the planar magnetic axis at kϕ=0.28 and 0.14, 
where kϕ is the ratio of the toroidal magnetic field of 
helical windings to the total toroidal field Bo. As a 
result, it has been shown that the imposition of opposite 
direction magnetic field of corrugating coil causes in all 
sections the reduction of the existence area of closed 
magnetic surfaces and is accompanied with the 
formation of an island structure. It is remarkable also 
that the area sizes of closed magnetic surfaces gradually 
decreases with distance from the corrugating coil. 
     In paper [4], the calculation of magnetic field of the 
combined magnetic system was performed on the basis 
of the Uragan-2M torsatron with taking into account the 
influence of the finite width of both a helical winding of 
two-pole torsatron and coils producing additional 
toroidal magnetic field, however, without the account of 
design construction of currentfeeds and detachable 
joints of helical windings. Cell element of mirror type 
was proposed to create by switching off a single of the 
coils of the toroidal magnetic field. In addition to the 
already above listed  results, these  calculations  showed  
 
 
that in a configuration with a toroidal field coil off the 
transverse dimensions of the magnetic surface structures 
are reduced. The initial, planar magnetic axis of 
configuration turns into a space curve and on it there is 
a magnetic mirror with the value acceptable in the 
context of the proposal [1]. On this basis, the choice has 
been made having a special purpose of the configuration 
mode with kϕ = 0.24, planar magnetic axis and switched 
off coil of the toroidal magnetic field, which included 
getting on the magnetic axis of the mirror ratio 
Bmax/Bmin ≤1.5. In addition, it was found that the 
perturbed elliptic type structure of magnetic surfaces 
experiences the displacement of ~0.1 from the radius of 
helical windings along the major axis of the torus and 
has a characteristic inclination there where it is 
perpendicular to the equatorial plane of the torus. 
     Keeping in mind the above noted results of the 
calculations and trying to produce a simple design from the 
sufficiently non burdensome engineering-technical point of 
view, the authors of papers [2, 4] proposed a study to 
create a hybrid stellarator-mirror on the Uragan-2M device. 
     This work presents experimental and numerical 
investigations of the magnetic surface structures of the 
Uragan-2M torsatron in the mode with a planar 
magnetic axis, i. e., when the average value of the ratio 
of the vertical magnetic field to the toroidal magnetic 
field at the geometric axis is <B⊥/B0> ≤ 0 and an 
experimental study of the magnetic surface structures of 
the torsatron with switching off a single coil of the 
toroidal magnetic field coils in the mode with kϕ =0.24. 
1. MAGNETIC SURFACES OF THE 
URAGAN-2M TORSATRON IN THE FIELD 
CONFIGURATION MODE WITH kϕ =0.24 
AND PLANAR MAGNETIC AXIS 
     The status of the magnetic configuration, device and 
experimental program of torsatron with additional 
toroidal magnetic field Uragan-2M is sufficiently well 
represented in papers [3, 5-8]. The Uragan-2M torsatron 
has: helical winding with l=2 multipolarity and the 
number of magnetic field periods m=4, 16 coils of the 
toroidal magnetic field, 8 coils of compensating vertical 
magnetic field and 4 coils of correcting magnetic field. 
An overview of the toroidal device with a large radius
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R = 1.7 m and a minor radius of a vacuum chamber 
avc = 0.34 m, and the availability of facilities on it of the 
experiment can be obtained from Fig. 1. 
 
 
 
Fig. 1. Setup of Uragan-2M - view from the top: 
1 are helical windings; 2 (coil is in the housing) and 6 
(coil is in section) – 16 toroidal field coils (coils 
numbered); 3 are currentfeeds, 4 are bandage 
fastenings at the place of separation of the vacuum 
chamber and helical windings in two moveable halves; 
5 are detachable joints of helical windings; 7 are 
vacuum ports for measuring magnetic surfaces (2007 
and 2012), scanning fluorescent rod mounted between 
the coils № 8...9, butt-end glass to capture the image of 
the magnetic surfaces in the tangential direction (to 
rod) is established between coils № 6…7; 8 are 8 coils 
of vertical compensation field, 9 is the position of the 
electron gun in the measurements, 10 is the butt-end 
glass 
     For the experimental study of the structure of closed 
magnetic surfaces of the torsatron Uragan-2M the 
method of scanning fluorescent rod [6-9] was used. 
Scanning fluorescent rod (pos. 7, Fig. 1) was installed in 
the poloidal cross section of the vacuum chamber 
between the toroidal field coils № 8…9, where the 
elliptic shape magnetic surfaces are vertical. In the 
section, where the magnetic surfaces are measured, on 
the inside of the vacuum chamber two LEDs were set 
with a known distance between them. An electron gun 
mobile in the horizontal direction (pos. 9, Fig. 1), with 
which electrons are injected into magnetic field lines 
with the energy of 40…50 eV, was installed in the 
vacuum chamber between the coils № 12…13. In this 
study, a stationary magnetic field at the geometrical axis 
of the torus was equal to B0=0.123 Tesla. 
     Registered structures of magnetic surfaces of the 
Uragan-2M torsatron are shown in Figs. 2 and 3. First of 
all, it should be noted that these structures differ in the 
position of the magnetic axis. Also it evidences that the 
magnetic axes of the surfaces of both structures are shifted 
up from the equatorial plane of the torus by the value of 
h≈0.4 cm. It is known from numerical studies that for all 
magnetic field configurations of the Uragan-2M torsatron, 
regardless of the value of kϕ, the planar magnetic axis 
occurs when <B⊥/B0>=0, and its displacement from the 
geometric axis of the torus is the same, Δ= -12 cm. 
     The structure of the magnetic surfaces in Fig. 2 has 
the following features: the average radius of the last 
closed magnetic surface is equal to a≈11.8 cm; for the 
last closed magnetic surface the so-called "whiskers" of 
the field lines (the remnants of the destroyed islands) 
were measured; 5 out of 8 possible whiskers are well 
visible; positions of the magnetic surfaces with the 
rotational transform field lines i/2π=1/8 (mean radius 
r 1/8≈8.1 cm) and i/2π=2/15 ( r ≈11 cm) are identified. 
 
Fig. 2. The magnetic surfaces structure of the  
Uragan-2M torsatron: mode kϕ ≈0.24, Δ≈ -14 cm. The 
negative sign of the magnetic axis shift indicates only 
that the magnetic axis is located on the inner half of the 
torus. Here and, below in the text, in all the figures of 
the measured magnetic surfaces two points of light at 
the edges of the picture are the reference LEDs, and the 
sign (+) indicates the position of the geometrical axis of 
the torus 
 
Fig. 3. The magnetic surfaces structure of the Uragan-
2M torsatron: mode kϕ ≈0.24, Δ≈ -14.5 cm 
 
     Structural features of the magnetic surfaces in Fig. 3 are: 
the last closed magnetic surface with i/2π=2/15 and a≈11 cm; 
magnetic surface with i/2π=1/8 is located at r 1/8≈7.9 cm. 
     Verification of the registered magnetic surface 
structures was carried out by numerical calculations 
using another previously developed numerical code [10-
12]. Geometries of detachable joints of helical windings 
and currentfeed conductors were taken into account in a 
code, provided in the design. The account of 
perturbations introduced by detachable joints and 
currentfeeds, led to the formation of island structures for 
i/2π=1/2, 1/3, 2/5, 4/7, 4/6, 4/5, 8/9, etc., distortion of 
magnetic surfaces, violation of periodicity and 
symmetry of the magnetic configuration [10-13]. 
Existence of the predicted islands and the perturbations 
in the configuration was later confirmed by 
measurements of the magnetic surfaces in a wide range
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 of modes of changing kϕ and vertical magnetic field [5-8]. 
     Using the code shown above, it were calculated the 
magnetic surface structures of modes kϕ=0.22…0.25 
with <B⊥/B0>=0 (Δ= -12 cm) and -0.193% ≤ <B⊥/B0> ≤ 
-0.23% (Δ= -14 cm). Figs. 4 and 5, of the enumerated 
set of calculated configurations, show the structures that 
in their middle parts have characteristic magnetic 
surfaces with i/2π=1/8 ( r 1/8≈9.6 cm, see Fig. 4) and 
i/2π=1/7 ( r 1/7≈9.8 cm, Fig. 5). 
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Fig. 4. The structure of the calculated magnetic surfaces 
of the mode kϕ ≈0.22, <B⊥/B0>=0: Δ≈-12 cm, 
i/2π(0)≈0.115 and i/2π( r max≈18.1 cm)≈0.1538 
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Fig. 5. The structure of the calculated magnetic surfaces 
of the mode kϕ ≈0.24, <B⊥/B0>=-0.23%: Δ≈-14 cm, 
i/2π(0)≈0.13 and i/2π ( r max≈15.3 cm)≈0.1739 
     Sizes and shape of the characteristic magnetic 
surfaces are satisfactorily correlated with the sizes and 
shape of the same surfaces of the measured structures 
(see Figs. 2, 3 and 6, 7). 
     Presented in both figures the calculated last magnetic 
surfaces are those surfaces that touch walls of the 
vacuum chamber. The ergodicity of the field lines 
begins: Fig. 4 – r ≥12 cm (i/2π≈3/23≈0.1304); Fig. 5 –
r >11.5 cm (i/2π≈2/13≈0.1538). It is known that the 
computed surfaces, which show a rather small 
ergodicity of field lines, may be destroyed and restrict 
the region of closed magnetic surfaces in real devices. 
2. MAGNETIC SURFACES STRUCTURES  
OF HYBRID STELLARATOR-MIRROR IN 
CONFIGURATION MODE WITH kϕ=0.24 
     Measured magnetic surfaces structures of hybrid 
stellarator-mirror in the Uragan-2M torsatron present 
two variants of switching off the toroidal magnetic field 
coil. In the first variant of measurements, Fig. 6, the coil 
number 8 (see Fig. 1) was switched off, which was 
located just by the section where magnetic surfaces 
were measured. Toroidal angle between the center of 
the coil number 8 and the section of the measuring of 
surfaces was equal to 11.25°, which is 1/8 of the 
magnetic field period. In the second variant of 
measurements, Fig. 7, the coil of number 14 was 
switched off, and the section, where the magnetic 
surfaces were measured, was now on the other side and 
far from the center of the coil in a distance of 1.375 
field period (toroidal angle is 123.75°). 
 
Fig. 6. Magnetic surfaces structure in Uragan-2M when 
the toroidal magnetic field coil number 8 was switched 
off 
 
Fig. 7. Magnetic surfaces structures in Uragan-2M 
when the toroidal magnetic field coil number 14 was 
switched off 
      The magnetic surfaces structure, as shown in Fig. 6 
has the following features: the magnetic surfaces 
structure is in ∼3…3.7° angle turn towards less R; 
average radius of the last closed magnetic surface is in 
the range 12.3 cm<a<13 cm; over the last closed 
magnetic surface 6 whiskers were identified; Δ ≈ - 13.2 cm; 
h≈0; the characteristic magnetic surface with i/2π=1/7 has 
r 1/7≈8 cm. 
     Features of the magnetic surfaces structure, which is 
shown in Fig. 7, are as follows: the magnetic surfaces 
structure is in ∼7.5°…8° angle turn towards more R; 
average radius of closed magnetic surfaces is a≈11 cm; 
Δ≈-15.4 cm, h≈0.4 cm; characteristic magnetic surfaces 
are surfaces with i/2π=3/21 ( r 3/21≈4.4 cm), i/2π=1/7 
( r 1/7≈7 cm) and i/2π=2/13 ( r 2/13≈10 cm).
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CONCLUSIONS 
     It was shown experimentally that the magnetic 
configuration of the hybrid stellarator-mirror with 
closed magnetic surfaces of an average radius of 
11 ≤a≤12.5 cm and angles of rotational transform 
i/2π(0)≈0.115 to i/2π(a)≈0.154 is created in mode with 
kϕ=0.24 and planar magnetic axis in the Uragan-2M 
torsatron with an additional toroidal magnetic field 
when a single coil of the toroidal field coils was 
switched off. The average radii of the closed magnetic 
surfaces of both the torsatron and a hybrid stellarator-
mirror created on its basis are determined by the general 
level of disturbances that exist in the device. 
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МАГНИТНЫЕ ПОВЕРХНОСТИ ГИБРИДА СТЕЛЛАРАТОР-ПРОБКОТРОН  
В ТОРСАТРОНЕ УРАГАН-2М 
 
Г.Г. Лесняков, А.Н. Шаповал, С.П. Губарев, М.С. Золототрубова, Г.П. Опалева, М.Н. Махов, 
В.Г. Котенко, В.Е. Моисеенко, В.С. Войценя 
 
     Это исследование выполнено в обоснование возможности создания термоядерного источника нейтронов 
на основе плазменной ловушки с гибридной магнитной системой стелларатор-пробкотрон для управления 
подкритическим быстрым ядерным реактором. На установке Ураган-2М, торсатроне с дополнительным 
тороидальным магнитным полем, проведены эксперименты по измерению магнитных поверхностей, когда 
магнитная система стелларатор-пробкотрон создается отключением одной катушки тороидального 
магнитного поля. Эксперименты подтвердили существование замкнутых магнитных поверхностей в такой 
комбинированной системе. 
 
МАГНІТНІ ПОВЕРХНІ ГІБРИДА СТЕЛАРАТОР-ПРОБКОТРОН У ТОРСАТРОНІ 
УРАГАН-2М 
 
Г.Г. Лесняков, А.М. Шаповал, С.П. Губарєв, М.С. Золототрубова, Г.П. Опалєва,  
М.М. Махов, В.Г. Котенко, В.Є. Моісеєнко, В.С. Войценя 
 
     Ці дослідження виконані для обґрунтування можливості створення термоядерного джерела нейтронів на 
основі плазмової пастки з гібридною магнітною системою стеларатор-пробкотрон для керування 
підкритичним швидким ядерним реактором. На установці Ураган-2М, торсатроні з додатковим 
тороїдальним магнітним полем, виконані експерименти по вимірюванню магнітних поверхонь тоді, коли 
магнітна система стеларатор-пробкотрон утворюється відключенням однієї котушки тороїдального 
магнітного поля. Експерименти підтвердили існування замкнених магнітних поверхонь у такій комбінованій 
системі. 
